Hemodynamics and arteriovenous malformations in cavopulmonary anastomosis: The case for residual antegrade pulsatile flow  by Henaine, Roland et al.
Henaine et al Congenital Heart DiseaseHemodynamics and arteriovenous malformations in cavopulmonary
anastomosis: The case for residual antegrade pulsatile flowRoland Henaine, MD, PhD,a Mathieu Vergnat, MD,a Olaf Mercier, MD,b Alain Serraf, MD, PhD,c
Vincent De Montpreville, MD,b Jean Ninet, MD,a and Emile A. Bacha, MDdFrom th
Civil
Marie
ment
and P
dren’
Disclos
Receive
publi
Address
Cardi
(E-m
0022-52
Copyrig
http://dx
C
H
DObjectives: Continuous flow in Fontan circulation results in impairment of pulmonary artery endothelial func-
tion, increased pulmonary vascular resistance, and, potentially, late failure of Fontan circulation. Bidirectional
cavopulmonary shunt is the interim procedure in palliation of patients with single-ventricle physiology, but pul-
monary arteriovenous malformations occur in many patients. In a porcine chronic model of cavopulmonary
shunt, we studied pulmonary hemodynamics, pulmonary arteriovenous malformation occurrence, and gas
exchange capabilities. We hypothesized that residual antegrade pulsatile pulmonary flow may attenuate the
deleterious effects of nonpulsatile Fontan-type circulation.
Methods: Thirty pigs underwent a sham procedure (n ¼ 10, group I), a cavopulmonary shunt with right
pulmonary artery ligation (n ¼ 10, group II, nonpulsatile), or a cavopulmonary shunt with proximal right
pulmonary artery partial ligation (n ¼ 10, group III, micropulsatile). Three months later, in vivo hemodynam-
ics, blood gas exchange, pulmonary arteriovenous malformation occurrence, and lung histology were
assessed.
Results: At 3 months, group II right lungs demonstrated significantly increased pulmonary artery pressure, pul-
monary vascular resistance, and evidence of pulmonary arteriovenous malformations compared with groups I
and III (all P<.001). Group III lungs also showed increased pulmonary artery pressure and pulmonary vascular
resistance compared with the sham group, but significantly less than group II. Group III right lungs had the best
gas exchange performance, with less histologic changes compared with group II.
Conclusions:We developed a viable chronic large animal model of bidirectional cavopulmonary anastomosis.
Residual antegrade pulsatile flow in the setting of a cavopulmonary shunt prevents pulmonary arteriovenous
malformation formation and attenuates, but does not suppress, the development of pulmonary hypertension.
From a clinical standpoint, these data would support keeping a small amount of antegrade pulsatile flow during
creation of a cavopulmonary shunt. (J Thorac Cardiovasc Surg 2013;146:1359-65)During the past 40 years, the Fontan procedure has
significantly changed the outcome of patients born with
single-ventricle physiology. However, despite significant
improvements in perioperative morbidity, mortality, and
long-term outcomes,1,2 a so-called failing Fontan state
looms at the horizon for most patients. The physiology
leading to the failing Fontan is characterized by increased
pulmonary vascular impedance, decreased vascular recruit-
ment, and increased pulmonary vascular resistance (PVR)
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The Journal of Thoracic and CarThe bidirectional Glenn cavopulmonary shunt (CPS) rep-
resents the standard interim procedure in the palliation of
patients with single-ventricle physiology toward eventual
Fontan circulation.3,4 Its performance provides excellent
palliation of single ventricles and has resulted in
decreased mortality compared with the Fontan procedure
without this intermediate step.5
Despite these advantages, concerns remain, many having
to do with the pulmonary vasculature. Pulmonary arteriove-
nous malformations (PAVM)6 and systemic to pulmonary
arterial collaterals7 tend to develop in patients palliated
with a Glenn alone. Durability of this palliation is limited
by the likelihood of developing PAVM and progressive
cyanosis.
To prevent the ‘‘natural history’’ of the failing Fontan,
some authors recently proposed to suppress the Fontan
completion step and palliate patients with single-
ventricle physiology with only bidirectional CPS.8 In
many Third World countries, palliation of single-
ventricle physiology is achieved by bidirectional CPS
alone. In this setting, strategies to avoid the occurrence
of PAVM include the use of additional pulmonary blood
flow.diovascular Surgery c Volume 146, Number 6 1359
Abbreviations and Acronyms
CPS ¼ cavopulmonary shunt
FIO2 ¼ inspired oxygen fraction
PA ¼ pulmonary artery
PAP ¼ pulmonary artery pressure
PCO2 ¼ partial pressure of carbon dioxide
PO2 ¼ partial pressure of oxygen
PVP ¼ pulmonary vein pressure
PVR ¼ pulmonary vascular resistance
SaO2 ¼ arterial oxyhemoglobin saturation
SVC ¼ superior vena cava
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DWe have developed a model to investigate the benefits of
antegrade flow in the bidirectional CPS setting, as well as
the potential for reduction of pulmonary hypertension by
maintenance of antegrade pulsatility. We used a chronic
large animal model of nonpulsatile pulmonary circulation
and investigated the changes in physiology, hemodynamics,
gas exchange, and lung histology. Our hypothesis was that
maintenance of residual antegrade pulsatile flow would
lead to a ‘‘higher quality’’ palliation as measured by im-
proved gas exchange, less PAVM, and reduced pulmonary
artery pressure (PAP).
MATERIALS AND METHODS
Thirty large white pigs weighing 20  2 kg were used in this study. All
animals received humane care in compliance with the Principles of Labo-
ratory Animal Care formulated by the National Society for Medical
Research and the Guide for the Care and Use of Laboratory Animals pub-
lished by the National Institutes of Health (publication No. 85-23, revised
1996).
Study Groups
The piglets were randomly allocated to 3 groups (n¼ 10 in each): Group
I included animals that were studied 3 months after dissection of the right
pulmonary artery (PA) with no other surgery (sham group). Group II in-
cluded animals that were studied 3 months after superior vena cava
(SVC) to right PA anastomosis with ligation of the proximal right PA
(nonpulsatile group). Group III included animals that were studied 3
months after SVC to right PA anastomosis with calibrated banding of the
proximal right PA (micropulsatile group).
Surgical Procedures
Anesthesia was induced with intramuscular ketamine (10 mg/kg)
and atropine sulfate (0.2 mg/kg), and maintained with intravenous pento-
barbital (10 mg/kg bolus, followed by a continuous infusion of 0.1
mg/kg/min).
The animals were paralyzed with pancuronium (0.3mg/kg). After endo-
tracheal intubation, intermittent positive-pressure ventilation was provided
(MMS RET 107 ventilator; MMS, Pau, France) at a tidal volume of 10
mL/kg, a respiratory rate of 18 cycles/min, and an inspired oxygen fraction
(FIO2) of 0.5. Body temperature was kept constant at 37
C.
A midline sternotomy was performed under sterile conditions, and the
pericardium was opened. Baseline hemodynamic and gazometric data
were recorded before further manipulations. The SVC was dissected, and
the azygos and right thoracic veins were ligated and divided to allow full1360 The Journal of Thoracic and Cardiovascular Surmobilization of SVC. The right PA also was dissected up to the superior
upper lobe branch.
Heparin (100 IU/kg) was administered. For group I (sham), no proce-
durewas performed. For group II (nonpulsatile), the SVCwas disconnected
from right atrium and sutured on the right PA, with ligation of the origin of
the right PA. For group III (micropulsatile), a similar SVC to right PA anas-
tomosis was performed, but the right PA was banded at its origin using
a 3-mm Hegar dilator. Figure 1 illustrates the surgical preparations.
Chest tube drainage was established, and the sternotomy was closed.
The animals were allowed to recover. To avoid postoperative occlusion
of the anastomosis, the animals were anticoagulated with fractionated hep-
arin until the study was terminated.
Hemodynamic and Blood Gas Measurements
Hemodynamic values were recorded at each time point of the experi-
ment: direct measurement of aortic pressure, PAP (trunk and right branch),
SVC pressure, and left and right pulmonary vein pressures (PVPs); and
blood flow rate (with ultrasonic peritubular transit timeflow probes and
T106/T206 Animal Research Flowmeter [Transonic System Inc, Ithaca,
NY]) of the aorta, PA trunk, and PA left and right branches.
ThePVRwas calculated separately for either lungby the standard formula
applying mean pressure in each PA, left atrial pressure, and flow in each PA.
Blood samples were drawn in the aorta, the pulmonary arterial trunk, and,
after anastomosis, in the right and left pulmonary arteries and right and left
pulmonary veins. By using the Rapidlab 348 (Bayer Corp, Pittsburgh, Pa)
blood gas analyzer, immediate measurement of partial pressure of carbon
dioxide (PCO2) and partial pressure of oxygen (PO2) was performed, and
the arterial oxyhemoglobin saturation (SaO2)was calculated assuming a stan-
dard oxyhemoglobin dissociation curve. Hemodynamic and blood gas anal-
yses were performed before and after anastomosis and at study termination.
Pulmonary Arteriovenous Malformation Screening
Tests were performed at postoperative month 3. Under general anesthe-
sia, the animal was placed in the supine position, and the right jugular vein
and right femoral vessels were exposed under sterile conditions through
a short incision.
First, arterial blood gases were obtained by the femoral artery. Measure-
ments of arterial PO2 at an FIO2 of 0.21 and 1 (10-minute exposure) were
obtained. A ratio of these PO2 (PO2-1/PO2-0.21) inferior to 5 indicated the
presence of PAVM.9
The introducer sheath was placed into the jugular and femoral veins.
Transthoracic contrast echocardiography was performed. Ten milliliters
of a saline solution and air mixture (8 mL and 2 mL, respectively) was ag-
itated to produce bubbles and injected sequentially into the superior and in-
ferior vena cavae. The appearance of bubbles in the left atrium within
3 cardiac cycles after injection indicates AV shunting.10
Finally, 5F Berman angiographic catheters (Arrow International, Read-
ing, Pa) were placed in the right and left PAs under fluoroscopic guidance.
Correct patency of the anastomosis was first controlled by contrast medium
injection in the SVC. The catheter was then positioned close to the PA
branch bifurcation, and contrast medium was injected to document
PAVM in the right and left lungs. The catheters and introducer sheath
were then removed, the vessels were repaired, and the skin was sutured.
The animals were allowed to recover.Tissue Harvest
Study termination was performed 1 week after PAVM screening. Under
general anesthesia, a left posterolateral thoracotomy was performed, and
hemodynamic and blood gas data were collected. Subsequently, a right tho-
racotomy was performed, and respective hemodynamic and blood gas data
were collected. Pigs were then anticoagulated with sodium heparin
(300 U/kg) and euthanized by exsanguination under deep anesthesia. The
lungs were removed for histology sampling.gery c December 2013
FIGURE 1. Diagram of the animal model. A, In group II (nonpulsatile),
an SVC to right PA anastomosis (Glenn shunt) was performed, with com-
plete ligation of the proximal right PA. B, In group III (micropulsatile),
a similar anastomosis was performed with partial calibrated ligation of
the right PA.
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sues were fixed in 10% buffered formalin and imbedded in paraffin. Sec-
tions (4-mm thick) were subsequently cut for light microscopy and
stained with hematoxylin phloxine saffron and orcein-picroindigocarmine.
Statistics
Data are expressed as mean  standard deviation. Statistical analysis
was performed for comparison between groups at each time point, between
each time point among the same groups, and between the right andTABLE 1. Changes in pulmonary hemodynamics
Group
Baseline
Right lung
Weight, kg I 20.0  0.7
II 21.6  2.7
III 19.0  2.5
Mean AoP, mm Hg I 52.8  12.
II 56.6  7.4
III 54.0  3.1
Mean PAP, mm Hg I 9.0  2.8
II 9.6  3.8
III 8.8  2.7
Mean PVP, mm Hg I 3.9  1.4x
II 4.6  1.0x
III 3.8  2.2x
Ao outflow, L/min I 1.90  0.1
II 2.10  0.4
III 2.00  0.2
PA outflow, L/min I 1.27  0.05
II 1.32  0.27
III 1.30  0.15
PVR, mm Hg$min/L I 5.47  1.82
II 4.69  2.13
III 6.23  1.37
Values are means standard deviation. AoP,Aortic pressure; PAP, pulmonary arterial press
vascular resistance. *Significant difference compared with group I. ySignificant differenc
xRight and left PVPs are identical and equal to left atrial pressure at baseline. Left atrial p
The Journal of Thoracic and Carleft lungs in the same animal (intra individual control). Data were
analyzed with a software package (Statview IV; Abacus Concepts, Berke-
ley, Calif). Hemodynamic comparisons were performed using a paired
Student t test.RESULTS
Hemodynamics
Baseline characteristics and hemodynamics were similar
between groups (Table 1). At 3 months, right PAP was sig-
nificantly increased in both groups II and III compared with
sham-operated controls. Group II had significantly higher
right PAP compared with group III (P ¼ .0005). Right
PVP was significantly increased in group II compared
with groups I and III, whereas group III demonstrated no
statistical variation compared with the sham group.
PVR in the right lung was significantly higher in group II
compared with group I (P¼ .001) and group III (P¼ .001).
Right lung PVRwas significantly elevated in group III com-
pared with group I (P ¼ .001), but to a lesser extent than in
group II.
For the left lung, PAP significantly increased in groups II
(P¼ .019) and III (P¼ .05) compared with group I, but with
no difference between groups II and III. No difference was
found between groups for PVP and PVR.
For intraindividual (right vs left) comparison, no differ-
ence was found in sham group I, except for higher left
PVR (P ¼ .001). For group II, right PAP, right PVP, and3 mo
Left lung Right lung Left lung
40.2  7.98
53.6  6.73
45.6  2.51
4 82.3  25.1
57.3  5.82
70  19.2
10.9  1.8 11.1  0.6 12.6  1.3
10.4  1.9 26.7  1.3*,z 19.4  4.7*,z
11.8  1.3 14.2  0.8* 17.9  4.4*,z
7.1  0.2 7.4  1.5
14.1  3.0*,z 8.6  0.4z
7.4  2.6 8.8  0.7
3 2.34  0.58
7 2.57  0.45
2 2.32  0.24
0.69  0.03z 1.70  0.58 1.48  0.18z
0.71  0.14z 1.82  0.04 2.62  0.52*,y,z
0.70  0.08z 1.68  0.36 2.16  0.37*,z
10.16  3.20z 2.36  0.45 3.56  0.82
8.70  3.73z 6.92  1.83*,y,z 3.92  1.40z
11.58  2.40z 4.20  1.36* 4.09  1.83
ure; PVP, pulmonary vein pressure; Ao, aortic; PA, pulmonary artery; PVR, pulmonary
e compared with group III. zSignificant difference compared with contralateral side.
ressure is presented.
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TABLE 2. Pulmonary venoarterial difference at 3 months
Dva SaO2 (%) Dva PO2 (mm Hg) Dva PCO2 (mm Hg)
Right Left Right Left Right Left
Group I 16.1  12.2 17.3  6.8 P ¼ .7 223.5  81.3 147.7  109.8 P ¼ .09 8.5  12.4 9.9  9.1 P ¼ .7
Group II 27.7  0.9 23.8  15.5 P ¼ .4 193.6  72.8 120.5  74.2 P ¼ .04 14.1  5.5 2.3  3.8 P ¼ .001
Group III 34.1  12.0 25.5  6.9 P ¼ .06 298.7  75.1 168.2  62.4 P ¼ .001 17.3  7.5 3.4  5.1 P ¼ .001
Values are means standard deviation.Dva, Pulmonary venoarterial difference; Sao2, arterial oxyhemoglobin saturation;Po2, partial pressure of oxygen; Pco2, partial pressure of
carbon dioxide.
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Dright PVR were significantly higher compared with the left
side (P ¼ .0003, .0004, and .001, respectively).
For group III, no statistically significant increase of PAP,
PVP, and PVR was found in the right lung compared with
the left lung. Of note, PAP was even lower in the right
lung (P ¼ .003).FIGURE 2. Detection of PAVM by hyperoxic test. Arterial oxygen ten-
sion at FIO2 of 21% for each group is represented by filled bars. Arterial
oxygen tension after 10-minute exposure to FIO2 of 100% is shown in
the open bars. Values are means  standard deviation. Pao2, Arterial oxy-
gen tension; Fio2, inspired oxygen fraction.Blood Gas Analysis
Baseline data demonstrated no significant differences for
aortic PO2, PCO2, and SaO2, or for main PA PO2 and SaO2. At
3 months, for intergroup comparison, the right lungs of
groups II and III compared with group I demonstrated lower
PA SaO2 (71.7%  0.8% [P ¼ .04] and 65.7%  12.0%
[P ¼ .01] vs 79.8%  11.5%), lower PA PO2 (37.4  0.7
mm Hg [P ¼ .03] and 34.2  4.9 mm Hg [P ¼ .007] vs
42.0  6.5 mm Hg), and similar PA PCO2 (29.8  0.7 mm
Hg [P ¼ .08] and 37.3  10.8 mm Hg [P ¼ .9] vs 37.5 
13.5 mm Hg), respectively. The gas exchange efficiency
of the right and left lungs at 3 months in each group is shown
in Table 2.
Despite lower SaO2 and PO2 in the right PA, significantly
higher pulmonary oxygen transfer was found with higher
pulmonary venoarterial difference for SaO2 in groups II
(P¼ .007) and III (P¼ .003) and higher pulmonary venoar-
terial difference for arterial oxygen tension in group III
(P ¼ .04). Carbon dioxide clearance was better in groups
II and III, but without reaching significant difference
(P ¼ .2 and P ¼ .07).
For intraindividual comparison, no difference was found
between the right and left lungs in sham group I. In groups II
and III, as expected, no difference was found between right
and left PA blood gas. Right versus left PA SaO2 was 71.7%
 0.8% versus 72.6%  13.4% (P ¼ .8) for group II and
65.7% 12.0% versus 74.0% 6.7% (P¼ .07) for group
III; right and left PA PO2 was 37.4 0.7 mm Hg versus 36.5
 4.3 mm Hg (P ¼ .5) for group II and 34.2  4.9 mm Hg
versus 34.0  2.4 mm Hg (P ¼ .9) for group III; right and
left PA PCO2 was 29.8  0.7 mm Hg versus 34.3  8.2
mm Hg (P ¼ .09) for group II and 37.3  10.8 mm Hg ver-
sus 31.9  3.3 mm Hg (P ¼ .1) for group III. Despite the
similar arterial pulmonary blood gas between the right
and left PA, groups II and III demonstrated significantly
higher oxygen transfer and carbon dioxide clearance than
group I (Table 2).1362 The Journal of Thoracic and Cardiovascular SurDetection of Pulmonary Arteriovenous
Malformation
After the hyperoxic test (Figure 2), all animals had
a PO2-1/PO2-0.21 ratio superior to 5 for groups I (6.22 
0.74) and III (5.43  0.27). All of the animals in group II
had a ratio inferior to 5 (4.43 0.35). Contrast echocardiog-
raphy detected arteriovenous shunting in 8 of the 10 animals
of group II. PAVMdeveloped in the right lung but not the left
lung. Arteriovenous shunting was absent in groups I and III.
Atrial or ventricular septal defects were not present in any
of the animals. No PAVM was demonstrated by PA angiog-
raphy in all groups. The CPS was patent in all animals.Histology
Lungs of group I animals were grossly normal when ex-
amined at the study termination. For all animals in group II,
the surface of the right shunted lung was covered by sub-
pleural vascular hyperplasia and severe lymphatic adhe-
sions surrounded right PA (Figure 3, A and B). Similar,
but less remarkable, abnormalities were observed in group
III right lungs. Left lungs of groups II and III were grossly
normal. No histologic changes were found on the right and
left lung extract from sham group I and on left lungs from
groups II and III.
Right lung specimens of group II demonstrated several
alterations unlike groups I and III (Figure 3, C-E). Venousgery c December 2013
FIGURE 3. Macroscopic and histologic changes induced by CPS. A, Surfaces of the left and right lungs of pig representative of group II 3 months after
CPS. Large and tortuous vessels are visible on the lung surface under visceral pleura on the right lung, but not on the left lung. B, PA of the left and right lungs
of pig representative of group II 3 months after CPS . Right PA is surrounded by severe lymphatic adhesions, unlike left PA. C, D, and E, Example of lung
sections ipsilateral to the cavopulmonary anastomosis obtained from a pig representative of group II 3 months after cavopulmonary anastomosis. Histologic
images are stained with hematoxylin phloxine saffron, photographed at 325 (scale bar ¼ 500 mm). Arrowheads demonstrate hyperplasia of venous wall
under pleura (C), along bronchial axes and between alveolar lobules (D) of the shunted lung, penetrating veins in the wall of the pulmonary elastic artery
(early sign of PAVM) in 6 animals of group II (E). R, Right; L, left; PA, pulmonary artery; PAb, pulmonary artery bed.
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olar lobules, and under pleura. Venous wall thickness was
enlarged, with muscular hyperplasia of the media. In 6 of
the animals in group II, veins were identified within the
wall of pulmonary elastic arterioles. No inflammatory signs
were noted on any of the abnormal specimens.DISCUSSION
The utility of residual antegrade pulmonary blood flow
from the single ventricle into the pulmonary arteries, main-
tained after CPS, remains controversial.11 Such a strategy
has been demonstrated to both improve and complicate
the immediate postoperative and interstage clinical courses
after the bidirectional CPS procedure.12-14The Model
The chronic large animal model described in this study is
the first to allow the study of the pulmonary vasculature
exposed to nonpulsatile blood flow. Chronic models of Fon-
tan circulation do not exist because total cavopulmonary
connection is not viable in animals. However, our model
exposes the right lung to a continuous flow regimen, mim-
icking the Fontan circulation, and allows the study of
specific problems related to the CPS.
The fact that these animals survived and developed pul-
monary hypertension, and, as demonstrated by echocardi-
ography, hyperoxia test, and histology, demonstrated
PAVM similar to that seen in humans demonstrates the
validity of this model.The Journal of Thoracic and CarTo study the effect of residual antegrade pulsatile flow,
we added a group with a calibrated standardized amount
of residual right PA lumen. We chose a residual diameter
of 3 mm, because we hypothesized that the residual ante-
grade pathway would occlude at less than 3 mm. Perform-
ing a unilateral cavopulmonary anastomosis allows each
animal to serve as its own control by comparison with the
nonshunted lung.
We arbitrarily decided to terminate the study at 3 months,
because preliminary studies demonstrated early conse-
quences of nonpulsatile flow at this time. However, in this
model, survival is possible beyond 3 months, for example,
to test the effects of pharmaceutical agents used for long-
term effects of the bidirectional CPS.Pulmonary Arteriovenous Malformations
The development of PAVM after the classic Glenn anas-
tomosis (SVC to right PA) is well documented with an inci-
dence up to 25%.6 PAVM occurring after bidirectional CPS
causes intrapulmonary right-to-left shunting, whereby sys-
temic venous blood reaches the pulmonary venous system
through abnormal vascular connections proximal to the
gas exchange units. In recent years, the classic Glenn has
been largely replaced by the bidirectional cavopulmonary
anastomosis.
The incidence of PAVM after bidirectional Glenn has not
been well characterized, but PAVM definitely occurs in this
setting,6,15,16 although less frequently. Classic and
bidirectional Glenn procedures favor the distribution of
flow to the lower lobe,17 which is the site of preferentialdiovascular Surgery c Volume 146, Number 6 1363
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such as low or no pulsatility or partial systemic desatura-
tion, may be important.
Despite recognition of PAVM for more than 30 years, its
exact pathogenesis remains unknown. It is presumed that
the development of PAVM is related to the diversion of he-
patic venous flow away from the pulmonary circulation.18
Although the absence of pulsatile flow may be a pathoge-
netic factor, data are scarce when other causes than the
hepatic factor are studied. A recent report by Kwon and
colleagues19 on the development of PAVM in the Fontan
completed circulation, despite patent hepatic effluent flow,
suggests involvement of a nonhepatic factor.
In the present study, no PAVMwas identified when resid-
ual antegrade pulsatile flow was maintained (group III).
This suggests a role for pulsatile flow but does not allow
us to determine the relative roles of the hepatic factor
(which is being supplied to the right lung even though in
smaller quantity in group III) versus pulsatile flow.
Of note is the early appearance of PAVM, at only 3
months, in the time course after CPS. The development of
PAVM is a time-dependent phenomenon usually requiring
at least 1 to 2 years in humans before clinical and angio-
graphic evidence appears.20 Our results are in contrast
with a recent study in rats in which beyond 4 months, the
microvessel density in the shunted lung was significantly
higher, but angiographically evident PAVM occurred only
beyond 10 months.21
Our results also corroborate the findings that sensitive di-
agnostic tools (contrast echography, hyperoxia test)6,10,22
demonstrate right to left shunting earlier than
angiography. At 3 months, in group II, despite negative
angiography, the more sensitive tests demonstrated
occurrence of PAVM in the right lung.
Pulmonary Hypertension
Several reasons account for endothelial dysfunction after
the Fontan procedure. The Fontan circulation alters pulmo-
nary flow by loss of pulsatility and dependence of flow on
negative intrathoracic pressure and diastolic ventricular
function. Pulsatility is important for maintaining a low re-
sistance in the pulmonary vasculature by shear stress–medi-
ated release of endothelium-derived nitric oxide, causing
endothelial relaxation, and passive recruitment of capillar-
ies.23 Pulsatile pulmonary blood flow also results in passive
capillary recruitment. When cardiac output increases in
a normal individual, for example, during exercise, previ-
ously underperfused capillaries are recruited, thereby re-
sponding to the increase in flow by decreasing PVR.
Overall, the underlying mechanism behind increased PVR
in Fontan cases is unclear and likely to be multifactorial.
The present experiment demonstrated a significant in-
crease of right PAP and PVR compared with the left lung
in group II (no pulsatile flow), whereas in group III, the1364 The Journal of Thoracic and Cardiovascular Surincrease in right PAP and right PVR was mitigated (al-
though still significantly higher than in the sham group).
This demonstrates that the lack of pulsatility plays a central
role in the emergence of pulmonary hypertension in Fontan
circuits and that residual antegrade pulsatility results in
a limitation in the increase in PAP. In regard to PAVM,
our results showed that pulmonary hypertension in
this model also occurs early in the time course after
anastomosis.Capillary Recruitment
Conflicting concepts exist between the fact that pulmo-
nary capillaries are recruited by pulsatile flow24 and that mi-
crovessel density increases after CPS. In the current study,
histologic features of shunted right lungs also demonstrated
a higher number of capillaries. This phenomenon is likely to
represent an early adaption mechanism of pulmonary vas-
culature to pulsatility loss. The decrease in shear stress
caused by nonpulsatile flow might lead to endothelial dys-
function and an upregulation of angiogenesis in the pulmo-
nary vasculature. As shown by blood gas analysis, the right
lungs of group II demonstrated significantly higher gas ex-
change performance (PO2 and PCO2 pulmonary arteriove-
nous difference) when compared with the left lungs.
Group III demonstrated an even better performance, possi-
bly because preserved micropulsatility increased gas ex-
change efficiency as the result of an enhanced capillary
bed and the lack of PAVM. During the hyperoxic test, the
PVR decreased and enhanced flow opened latent PAVM,
resulting in a limited PO2 increase in group II.
The present experiment also can be used as a model of
chronic hypoxia. Groups II and III had significantly lower
SaO2 and PO2 when compared with group I. The role of
chronic hypoxia in angiogenesis is clearly demonstrated,25
and its implication in capillary density augmentation has to
be further explored with implementation of the presented
model.Study Limitations
Our model differs from the human condition in a number
of ways. First, and as noted on the PVR evolution of the
sham group through growth, porcine pulmonary vasculature
demonstrates a prolonged decrease of PVR compared with
human physiology. Second, these are juvenile pigs that have
not possessed single-ventricle physiology. Third, the pul-
monary vasculature of an infant with single-ventricle phys-
iology and chronic cyanosis might respond differently after
bidirectional CPS than the porcine pulmonary vasculature.
For all these reasons, caution should be exercised in extrap-
olating these findings to clinical scenarios. However, these
animals developed PAVM that appears to be echocardio-
graphically and histologically the same as in humans
regardless of the underlying physiology.gery c December 2013
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pathogenesis of right pulmonary abnormalities in group
II. Indeed, it is impossible to discriminate between the ef-
fect of pulsatility privation and the effect of hepatic venous
effluent suppression. Creation of an inferior vena cava to PA
shunt to achieve steady (nonpulsatile) flow including he-
patic venous effluent may solve this dilemma, but may be
prohibitively difficult in a large animal.
CONCLUSIONS
We have developed a chronic large animal model of bidi-
rectional cavopulmonary anastomosis that can be used for
variations of flow type and amount. Preservation of a small
amount of residual antegrade pulsatile flow prevented the
onset of PAVM and attenuated, but did not suppress, the
emergence of early pulmonary hypertension. These lungs
also showed better gas exchange capabilities. From a clini-
cal standpoint, these data would support keeping a small
amount of antegrade pulsatile flow during creation of a bidi-
rectional CPS.
The authors thank Dr Pascal Chiari for critical appraisal of the
article and constructive comments, and NicoleWalch, professional
draftswoman, for helpful assistance.
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